Experiments were conducted to investigate the deformation behaviors and fatigue properties of a superelastic thin tube (SE-tube) and a high-elastic thin wire (HE-wire) of TiNi alloy under conditions of pulsating-plane, alternating-plane and rotating bending. The main results obtained are summarized as follows. (1) The stress-strain curve of the SE-tube in tension describes a superelastic hysteresis loop with an elastic modulus of 35 GPa. It is thus suited for use as a medical catheter tube with flexibility and shape recovery. The stress-strain curve of the HE-wire stays close to a straight line up to a strain of 4% and a stress of 1500 MPa with an elastic modulus of 50 GPa, and is suited for use as a medical guide wire with flexibility, high pushability and a good torque transmission performance. (2) With respect to fatigue, the SE-tube and the HEwire in air both have a longer life in pulsating-plane than in alternating-plane and rotating bending, whereas the difference in fatigue life between alternating-plane and rotating bending is small. The relationship between the maximum bending strain and the number of cycles to failure in the region of low-cycle fatigue can be expressed by a power function for each kind of bending fatigue. The fatigue life in the body is longer than that obtained in air. (3) The maximum bending strain at the fatigue limit of the SE-tube is 0.8%-1.0% which is close to the starting strain of the stressinduced martensitic transformation. The maximum bending strain at the fatigue limit of the HE-wire is 0.7%-0.8%.
Introduction
A shape memory alloy (SMA) is one which displays a shape memory effect (SME) and the superelasticity (SE). [1] [2] [3] [4] [5] An SMA therefore tolerates large amounts of recovery deformation and stress through the SME. From the SE property in particular, we can obtain not only large recovery strain but also storage of energy and dissipated work. With functions like these, applications of SMAs as smart or intelligent materials are to be expected. Among the various kinds of SMA developed up untill now, TiNi alloys have outstanding mechanical properties including high fatigue strength, and therefore they have been the most widely used in practical applications.
As one way of making use of the above-mentioned characteristics in the field of medical treatment, a superelastic thin tube (SE-tube) has been developed as a catheter tube and a high-elastic thin wire (HE-wire) as a guide wire. For a catheter tube, flexibility and shape recovery are necessary properties, and for a guide wire there is a need to ensure linearity in the stress-strain curve, a narrow width in the hysteresis loop and a high degree of pushability when the wire is inserted into the body. In this application, the SE-tube and HE-wire are mainly subjected to plane bending, and as the deformation they are subjected to may be cyclic in pattern, in applications of the medical treatment, the fatigue properties of the materials are very important for an evaluation of safety and reliability. 6, 7) While the rotating-bending fatigue properties have previously been investigated, 8) there have been no reports yet concerning the fatigue properties under plane bending, which is the case most likely to be encountered in practical use.
In the present paper, the plane-bending fatigue properties of an SE-tube and an HE-wire made of TiNi alloys are therefore investigated. The tensile deformation properties of the materials were first obtained as the basic deformation properties. In order to investigate the plane-bending fatigue properties, pulsating-plane bending and alternating-plane bending tests were carried out and the fatigue life properties were observed. In particular, based on the observation of the fracture surface, the growth of fatigue cracks was investigated. The fatigue properties under plane bending and rotating bending were compared, and the relation between them was clarified. It was also found that the bending fatigue life of a TiNi alloy wire is longer in liquid that in air, and that the lower the frequency, the longer the fatigue life. 9) Therefore, it is worth noting that the fatigue life of the treatment apparatus in practical use in the body will be longer than the value obtained in air in the present study.
Experimental Method

Materials and specimen
The materials used in the tests were an SE thin tube NT-E9 (SE-tube) and a HE thin wire FHP-NT (HE-wire) of Ti-50.8 at%Ni alloy made by Furukawa Electric Co. The outside and inside diameters of the SE-tube were 0.9 mm and 0.7 mm, respectively. The diameter of the HE-wire was 0.5 mm. The SE-tube was shape-memorized for rectilinearity by heat-treatment at 803 K for 2-3 minutes. The HE-wire was fabricated by mechanically reforming a circular-section wire into a rectilinear shape. The phase transformation temperatures of the SE-tube obtained by the differential scanning calorimetry (DSC) test were
For the HE-wire, no clear peaks were observed in the phase transformation temperature using the DSC test. Both the SE-tube and HE-wire were found to be rectilinear and uniform in cross-section. A specimen length of 100 mm was adopted in the tension test. For the bending fatigue test, a shorter length of 70-150 mm was chosen, to give a larger bending strain.
Experimental apparatus
In the tension test, an SMA property testing machine composed of a tension machine and a heating-cooling device was used.
10) Displacement was measured with an extensometer of 20 mm gauge length.
In the fatigue test, a pulsating-plane bending fatigue test machine, 11) an alternating-plane bending fatigue test machine 12) and a rotating-bending fatigue test machine 9) were used. In the test, the number of cycles to failure was obtained under selected values of the bending strain and frequency. A scanning electron microscope (SEM) was used to observe the fracture surface of the specimens.
Experimental procedure
The tension tests were carried out in air under a constant strain rate.
The fatigue tests were carried out in air at room temperature. The specimens were fractured in the central part of their length between the grips. The maximum bending strain on the surface of each specimen " max was obtained by using the radius of curvature at the point of fracture. Frequency f was 8.33 Hz (500 cpm). The strain ratio of the minimum to the maximum bending strain was 0 for pulsating-plane bending and À1 for alternating-plane bending and rotating bending.
Experimental Results and Discussion
3.1 Tensile deformation properties for SE-tube and HEwire 3.1.1 Stress-strain relationship in SE-tube
The stress-strain curve obtained from the tension test for the SE-tube under a strain rate of 1:67 Â 10 À4 s À1 at temperature T ¼ 303 K is shown in Fig. 1 . The elastic modulus at the initial loading stage is 35 GPa. This value is the same at the body temperature and is 18% of 190 GPa which is the elastic modulus of stainless steel. Therefore, the bending rigidity of the SE-tube is lower than that of stainless steel which means that it will give a superior performance of the SE-tube as a medical catheter tube, a function for in which flexibility is a requirement. The slope of the stressstrain curve decreases for strains above 1%, and an upper stress plateau appears for strains above 1.5% due to the stress-induced martensitic transformation (SIMT). The yield stress M for the length of this upper stress plateau is 350 MPa. The material parameter C M which expresses the dependence of the stress M in the plateau on temperature T is C M ¼ Á M =ÁT ¼ 6 MPa/K, and therefore M ¼ 386 MPa at the body temperature. This value of M is close to the yield stress of stainless steel. Summing up these results, since a large strain appears under constant stress in the SEtube, a large deflection in bending can be easily obtained. In the unloading process, a lower stress plateau appears under a stress A of 160 MPa due to the reverse transformation and strain recovery which is characteristics of the SE occurs. In addition to the flexibility advantage already noted, therefore, the SE-tube is also superior with respect to shape recovery, another requirement for a medical catheter tube. The stressstrain curve describes a large hysteresis loop during loading and unloading. The area enclosed by the hysteresis loop and that below the unloading curve express the dissipated work and the strain energy per unit volume, respectively. This means that the SE-tube will also be superior for the absorption and storage of energy.
Stress-strain relationship in HE-wire
The stress-strain curve in the HE-wire obtained from the tension test under a strain rate of 1:67 Â 10 À4 s À1 at temperature T ¼ 303 K is shown in Fig. 2 . In fact, however, the curve depends very little on the temperature and strain rate. The elastic modulus at the initial loading stage is 50 GPa, which is 26% for the elastic modulus of 190 GPa in stainless steel. This means that the bending rigidity of the HE-wire is lower than that of stainless steel, and the performance of the HE-wire as a medical guide wire is therefore superior since flexibility is a requirement for this use. Although the slope of the stress-strain curve decreases gradually in the region of large strain, a yield point does not clearly appear until a stress of 1500 MPa and a strain of 4%, and up until then the discrepancy from a straight line is slight. Strain is recovered during unloading. Although the stress-strain curve describes a hysteresis loop in the loading and unloading processes, the width of the loop is small. It is highly desirable that a medical guide wire should display high pushability, or bending resistance, when it is inserted into the body so that the point of the guide wire in the body continues to rotate at the angle selected externally by the operator. This capability is called torque transmission performance. In most conditions of practical use, the bending strain in the body is smaller than 2%. In this respect, again, the HE-wire is superior as a medical guide wire.
3.2 Bending fatigue properties of SE-tube 3.2.1 Plane bending fatigue (1) Fatigue life properties Figure 3 shows the relationships between the maximum bending strain " max of the SE-tube and the number of cycles to failure N f , as obtained from the pulsating-plane and alternating-plane bending fatigue tests. In the present study, " max for N f above 1 Â 10 6 cycles is treated as the fatigue limit.
In Fig. 3 , N f increases with a decrease in " max for both pulsating-plane and alternating-plane bending fatigues in the low-cycle region of fatigue. In the fatigue life curves for these two kinds of plane bending, corners appear in the vicinity of N f ¼ 1 Â 10 4 cycles and N f ¼ 1 Â 10 5 cycles, respectively. N f becomes very large for values of " max below these corner points. In the low-cycle region of fatigue, the fatigue life curve is a straight line with a constant slope on the logarithmic graph, and the relationship between " max and N f can accordingly be expressed by the following equation
where and represent " max for N f ¼ 1 and the slope of the log " max À log N f curve, respectively. The values of in conditions of pulsating-plane and alternating-plane bending are 0.66 and 0.15, respectively. The next task is to compare the characteristics of fatigue damage in conditions of pulsating-plane and alternatingplane bending. Stress-strain diagrams of surface element in an SE-tube specimen subjected to one cycle in each test are shown in Fig. 4 . It is assumed that the stress-strain curve on the compression side is symmetric to that on the tension side. 13) Under plane bending in the SE-tube, tensile stress appears in the surface element on the convex side and compressive stress on the concave side. The area surrounded by the hysteresis loop of the stress-strain curve as shown in Fig. 4 corresponds to the dissipated work W d per unit volume. The value of W d in each cycle of alternating-plane bending is twice as large as that in pulsating-plane bending. If the material is subjected to cyclic loading, temperature of the surface element increases with the release of W d . 14) The martensitic transformation (MT) stress increases in proportion to the temperature, resulting in greater fatigue damage, so that the fatigue life in alternating-plane bending is shorter than that in pulsating-plane bending. The larger the " max , the greater the influence of W d , and therefore the larger the difference in the fatigue life. If " max is smaller than 1.5%, the difference in fatigue life between pulsatingplane and alternating-plane bending remains small, and N f stays at almost the same value. As observed in Fig. 1 , with a strain of only 1-1.5% before the start of the stress plateau and with a stress-strain curve very close to a straight line, W d is very small in both pulsating-plane and alternating-plane bending. Therefore, there is no apparent influence of W d on the fatigue damage, and no clear difference in fatigue life between the conditions of pulsating-plane and alternatingplane bending.
In the high-cycle region of fatigue, the fatigue life curve forms a plateau. The value of " max at the fatigue limit is 1.0% in pulsating-plane bending and 0.8% in alternating-plane bending. As observed in Fig. 1 , these are the strains close to the starting point of the SIMT and the slope of the stressstrain curve becomes smaller above these strains. Therefore, the damage due to W d released during the SIMT is also small, as reflected in the large N f . To arrive at a more detailed description of the fatigue limit will require further discussion based on a large number of experiments. The above fatigue tests were carried out at a frequency f ¼ 8:33 Hz in air. The bending fatigue life of TiNi SMA wire in liquid is longer than in air, and also longer at lower frequencies. Therefore, the fatigue life in practical use in the body will be longer than that obtained in the present study.
(2) Observation of fracture surface (i) Pulsating-plane bending fatigue SEM photographs of a fracture surface obtained in a pulsating-plane bending fatigue test on an SE-tube at " max ¼ 1:38% after N f ¼ 53494 cycles are shown in Fig. 5 . Figures 5(a), (b) and (c) show the whole fracture surface, the fracture surface at the initiation of fatigue cracking and the fracture surface of an unstable fracture, respectively.
As can be seen in Figs. 5(a) and (b), the fatigue cracking initiates on the outer surface subjected to the maximum bending strain, grows toward the inner surface, and then propagates in the two circumferential directions in the final stage of unstable fracture. It follows a sinuous radial pattern from its initial nucleation point on the outer surface, forming a fan-shaped boundary at a distance of 120 mm along the fatigue cracks which divides the crack growth region from the unstable fracture region. A similar growth of a fan-shaped fatigue crack region from the outer surface can be clearly observed on the fracture surface of an SMA thin wire subjected to plane-bending fatigue. 15) In Fig. 5(c) , dimples with a diameter of 1-5 mm appear in the unstable fracture region.
(ii) Alternating-plane bending fatigue
Let us see SEM photographs of a fracture surface obtained in an alternating-plane bending fatigue test on an SE-tube at " max ¼ 1:05% after N f ¼ 7078 cycles shown in Fig. 6 . The whole fracture surface, the fracture surface at the initiation of the fatigue cracking and the fracture surface of an unstable fracture are shown in Figs. 
6(a), (b) and (c).
This time, as shown in Fig. 6(a) , the fatigue cracking initiates on the inner surface, penetrates to the outer surface and propagates in the two circumferential directions in the final stage of unstable fracture. In Figs. 6(a) and (b) , the cracks initiate not at one point on the surface but at several points, each with a width of about 200 mm in the circumferential direction, and grow toward the outer surface. The progress of fatigue crack growth from the inner toward the outer surface in alternating-plane bending is different from the progress from the outer toward the inner surface in pulsating-plane bending, shown in Fig. 5 , but is the same as that of the fatigue crack initiation and growth observed in rotating bending. 8) The strain ratio in alternating-plane bending is À1, which is the same as in rotating bending. The reason why the fatigue cracking initiates on the inner surface is because of the greater roughness there. In the process of fabricating the thin tube, the inside of the tube is not constrained and therefore the inner surface remains rough. The roughness profile is 11.2 mm on this inner surface as compared with 3.4 mm on the outer surface. In other words, the roughness profile is about three times larger and the local stress concentration in the inner surface element is correspondingly larger as well. In order to lengthen the fatigue life in alternating-plane and rotating bending, therefore a fabrication method which minimizes the roughness on the inner surface needs to be developed.
In Figs. 6(a) and (c), dimples can be observed in the region of unstable fracture and a small jagged step is found at the final point of fracture where the two crack fronts join. 
Comparison of fatigue life between plane bending
and rotating bending The fatigue life curves obtained from the pulsating-plane and alternating-plane bending fatigue tests and that obtained from the rotating-bending fatigue test have already been shown together in Fig. 3 .
As can be seen in Fig. 3 , in the low-cycle region of fatigue, the fatigue life under pulsating-plane bending is longer than that under alternating-plane or rotating bending, indeed about five times longer at " max ¼ 2%. The strain ratio is 0 for pulsating-plane bending and À1 for alternating-plane and rotating bending. In alternating-plane and rotating-bending fatigue, the surface element of the SE-tube is subjected to tensile stress and compressive stress alternately, and this shortens the fatigue life. For an SE thin wire of the TiNi SMA, as " max increases, the fatigue life under rotating bending becomes a little shorter than that under alternatingplane bending. 15) In the case of the SE-tube shown in Fig. 3 , the fatigue life under rotating bending can be seen to be shorter in the region of a small " max . This is because surface elements around the whole circumference are subjected to the SIMT repeatedly, causing temperatures to increase markedly so that the MT stress is higher and fatigue damage is larger, resulting in the shorter fatigue life. But where " max is larger, the fatigue life shortens and the difference in fatigue life between alternating-plane and rotating bending does not so clearly appear. Compared with the overall scattering among all three kinds of fatigue life, the scattering for rotating and alternating-plane bending is large. This again is because in these two kinds of bending the fatigue cracking initiates on the inner surface due to local stress concentration from the roughness there, as previously explained. As the surface roughness is heterogeneous, the initiation of the fatigue cracking is heterogeneous too, and the scattering in fatigue life is therefore large. Figure 7 shows the relationships between the maximum bending strain of an HE-wire " max and the number of cycles to failure N f , as obtained from pulsating-plane and alternating-plane bending fatigue tests.
Bending fatigue properties of HE-wire 3.3.1 Plane bending fatigue (1) Fatigue life properties
In Fig. 7 , the fatigue life under pulsating-plane bending is longer than that under alternating-plane bending in the lowcycle region of fatigue. In both cases, N f increases with a decrease in " max . In the fatigue life curves for pulsating-plane and alternating-plane bending, the corners appear in the vicinity of N f ¼ 4 Â 10 4 cycles and N f ¼ 2 Â 10 4 cycles, respectively. N f increases markedly for " max below these corner points.
The fatigue life curve in the low-cycle fatigue region can be approximated as in Fig. 3 by a straight line with a fixed slope. Therefore, the relationship between " max and N f can be expressed by the same eq. (1) used above for the SE-tube. The values of expressing the slope are 0.41 for pulsatingplane, and 0.30 for alternating-plane bending fatigue, respectively.
In the high-cycle region of fatigue, the fatigue life curve forms a plateau. The values of " max at the fatigue limit are 0.8% for pulsating-plane, and 0.7% for alternating-plane bending, respectively. Compared with the results for the SEtube shown in Fig. 3 , " max at the fatigue limit for the HE-wire is 0.2% smaller under pulsating-plane bending and 0.1% smaller under alternating-plane bending. The reason for this can be seen from the stress-strain curves in Figs. 1 and 2 . In Fig. 1 , for the HE-wire, " max at the fatigue limit occurs in the region of linear elasticity where stress itself is high. Therefore, even if the " max value is small, the fatigue damage due to the high stress will still be large. This explains how the fatigue limit for the HE-wire can come at a point where " max is fairly small. Comparing the fatigue life curves in Fig. 7 in terms of strain, the curve for pulsating-plane bending traverses an area of higher strain (and hence longer fatigue life) than the curve for alternating-plane bending. As shown in the stress-strain diagram (b) alternating-plane bending in Fig. 4 , the surface element of the wire under this bending condition is subjected to tensile and compressive stress alternately. The strain range Á" ¼ " max À " min described by the stress-strain curve in each cycle of alternating-plane bending is thus two times as large as the range for pulsating-plane bending. Therefore, the fatigue damage is also larger, resulting in a shorter life. This accounts for why the fatigue life curve in alternatingplane bending should be located in an area of lower strain (and shorter life).
The stress-strain curve of the HE-wire does not depend greatly on temperature and strain rate. Therefore, the fatigue life properties obtained in the present study at f ¼ 8:33 Hz in air are substantially the same as those that will obtain in the practical use in the body.
(2) Observation of fracture surface SEM photographs of the fracture surface of an HE-wire subjected to pulsating-plane bending in a fatigue test where " max was 1.5% and N f was 4846 cycles are shown in Fig. 8 . Figures 8(a), (b) and (c) show the whole fracture surface, the fracture surface at the initiation of a fatigue crack and the fracture surface of an unstable fracture, respectively.
As can be seen in Fig. 8(a) , the fatigue crack nucleates at a certain point on the surface subjected to maximum bending strain and then propagates towards the center in a sinuous radial pattern. In Figs. 8(a) and (b) , the fatigue crack can be seen to grow along a fan-shaped fracture surface, finally producing an unstable fracture region with fatigue crack length of 100 mm. In Fig. 8(c) , dimples with a diameter of 1-3 mm appear in the region of unstable fracture.
Similar phenomena of a single fatigue crack leading to a fan-shaped fatigue crack region can also be observed under alternating-plane and rotating bending. 8) In the case of rotating bending, however, while small cracks of this sort are observed on the whole surface of the wire, one single crack grows preferentially.
Comparison of fatigue life under plane and rotat-
ing bending The fatigue life curves obtained from the pulsating-plane and alternating-plane bending fatigue tests and the curve obtained from the rotating-bending fatigue test were shown together in Fig. 7 above.
The fatigue life under pulsating-plane bending is longer than that for alternating-plane and rotating bending, about ten times longer at " max ¼ 2%, whereas the fatigue life under pulsating-plane and rotating bending is almost the same. In both alternating-plane and rotating bending, the strain ratio is À1 and the surface element of the HE-wire is subjected to tensile stress and compressive stress alternately. Therefore, tensile and compressive deformations occur repeatedly in the surface element, resulting in a fatigue life of almost the same length. If " max is large, there is a tendency for the fatigue life in rotating bending to be very slightly shorter, however, and this tendency also appears in the case of an SE thin wire of TiNi alloy. 15) In the case of rotating bending, all of the surface elements are subjected to the same deformation hysteresis and therefore the fatigue crack can grow more easily under a larger " max , resulting in the slightly short fatigue life.
Conclusions
The main results of this experimental investigation of tensile deformation and fatigue properties under conditions of pulsating-plane, alternating-plane and rotating bending in a superelastic thin tube (SE-tube) and a high-elastic thin wire (HE-wire) of TiNi alloy can be summarized as follows.
(1) The stress-strain curve of the SE-tube under tension describes a hysteresis loop during loading and unloading, which indicates superelasticity. The elastic modulus is 35 GPa which is smaller than that of stainless steel. This means that the SE-tube will perform well as a medical catheter tube, for which flexibility and shape recovery are necessary requirements. The stress-strain curve of the HEwire is close to a straight line up to a strain of 4% and a stress of 1500 MPa, and the width of the hysteresis loop during loading and unloading is narrow. The elastic modulus is 50 GPa. It can therefore be said that the HE-wire will be well-suited as a medical guide wire, for which flexibility, high pushability and a good torque transmission performance are required. (2) With respect to the fatigue life of the SE-tube, the relationship between the maximum bending strain " max and the number of cycles to failure N f in the low-cycle fatigue region can be expressed by a power function for each kind of bending fatigue. The fatigue life is long under pulsatingplane bending, with a strain ratio of 0, and short under alternating-plane and rotating bending, with a strain ratio of À1. The difference in the fatigue life between alternatingplane and rotating bending is small. The maximum bending strain at the fatigue limit is 0.8%-1.0% in the vicinity of the SIMT starting point. The fatigue life of the SE-tube in practical use in the body will be longer than that obtained in the present study. Under pulsating-plane bending, the fatigue crack initiates at a certain point on the outer surface and penetrates to the inner surface, leading up to a final stage of unstable fracture. Under alternating-plane and rotating bending, the fatigue crack initiates at several points on the inner surface, each with a width of 200 mm, and then spreads to the outer surface, again leading up to a final stage of unstable fracture. (3) The fatigue life of the HE-wire is longer for pulsatingplane bending and shorter for alternating-plane and rotating bending. The difference in fatigue life between alternatingplane and rotating bending is small. The relationship between " max and N f in the low-cycle fatigue region can be expressed by a power function for each kind of bending fatigue, and the maximum bending strain at the fatigue limit is 0.7%-0.8%. The fatigue life of the HE-wire in practical use in the body will be substantially the same as that obtained in the present study. Under all kinds of bending, the fatigue crack initiates at a certain point on the outer surface and grows along a fanshaped fracture surface, followed by a final unstable fracture.
